Introduction
Hypercholesterolemia and hyperphospholipidemia that occur secondary to cholestasis are accompanied by the appearance of an abnormal lipoprotein, lipoprotein-X (LP-X),' in plasma.
It exists as a bilayer vesicle of equimolar phospholipids and unesterified cholesterol, which contains small amounts of albumin in its internal aqueous compartment with apoproteins (apo) C and D absorbed on its surface. Apo B, the major apoprotein of normal low density lipoprotein (LDL), is not present in LP-X (1) (2) (3) (4) . The appearance of LP-X in plasma has been noted after bile duct ligation or insertion of the common bile duct into the venous system in experimental animals (5) . In addition, incubation of bile or biliary lipoproteins with serum leads to their conversion into LP-X. The biliary lipoproteins that are synthesized in liver, together with bile salts, are necessary for LP-X formation (6) . Data from in vitro and in vivo experiments suggest that during cholestasis regurgitation of bile components into plasma leads to the formation of LP-X (7) . Despite high levels of unesterified cholesterol in plasma, in the form of LP-X during cholestasis, hepatic cholesterogenesis is enhanced (8, 9) . Bile acids, which are increased both in plasma and liver, may not be implicated in hepatic cholesterogenesis (9) (10) (11) . LP-X has no significant effect on hepatic cholesterol synthesis in normal rats that have a bile fistula (12) .
Conflicting explanations have been offered to explain increased hepatic cholesterogenesis during cholestasis. It has been suggested that cholestasis impairs the negative feedback inhibition of cholesterol synthesis at the cellular level (13) . In contrast, it has been shown that impairment in the supply of lymphatic lipoproteins, rather than a defect in this feedback inhibition, causes cholestatic hypercholesterolemia (1 1). However, infusion of lymphatic lipoproteins did not completely suppress enhanced cholesterogenesis in selective or complete biliary-obstructed rats (14) .
Bile contains a lipid-protein complex that inhibits 3-hydroxy-3-methylglutaryl Coenzyme A (HMG-CoA) reductase activity in isolated liver microsomes (15, 16) . Studies with isolated perfused rat livers showed that lipoprotein fractions (d < 1.063 g/ml) from the plasma of cholestatic rats increased the activity of the reductase, which was in contrast to the lipoprotein fractions from plasma of normal rats (17) . LP-X, which is the main biliary lipoprotein and the major lipoprotein in cholestatic serum that is found in this density range, was not directly tested in these studies. Although the appearance of LP-X is a characteristic feature of cholestasis and biliary obstruction in man and in experimental animals (4-7), its possible role in bringing about cholestatic hypercholesterolemia has not been examined. Accordingly, this study was designed to determine the site of LP-X uptake and its effect on HMG-CoA reductase and on the uptake of LDL and chylomicron remnants by the liver. The data presented here are consistent with the concept that LP-X plays a major role in bringing about the hypercholesterolemia that is observed during cholestasis and biliary obstruction.
Methods
Materials. All chemicals and biochemicals were obtained from Sigma Chemie, GmbH Republic of Germany) weighing between 200 and 300 g were used.
They had 12-h dark and light periods and were fed ad libitum with standard rat food (diet 1324, Altromin International Lage, Federal Republic of Germany). Liver perfusion. Livers were perfused by a technique described previously (18) , using Krebs-Ringer bicarbonate medium that contained 2.5% albumin and 10% hemoglobin in the form of human erythrocytes. Perfusions were started with 120 ml of medium. The first 20 ml were allowed to pass through the liver and be discarded. Recirculating perfusion was then commenced. Bile was collected throughout the perfusion. The viability of the preparation was checked by measuring the rate of release of glucose, the lactate/pyruvate ratio, and the adenine nucleotide content of the liver.
Isolated liver cells. Hepatocytes were isolated by the standard method (19) with some minor modifications. Hyaluronidase was omitted from the medium. Nonparenchymal cells (NPC) were isolated by differential centrifugation (20). The biochemical viability of cell preparations was tested as described previously (18, 20) .
Cultured human fibroblasts. Fibroblasts that were derived from skin biopsies of normal subjects were maintained in Dulbecco's minimal essential medium, which contained 25 mM NaHCO3, 20 mM Hepes buffer, pH 7.4, and 10% fetal calf serum. Culture medium was also supplemented with 100 U penicillin/ml and 100 jg streptomycin/ml. For experiments, cells between 8 and 10 passages were seeded into 60-mm plastic dishes that contained 3 ml medium. The medium was changed after 3 d, and on the sixth day 2 ml medium that contained 10% lipoprotein-deficient serum (LDS) (2.5 mg protein/ml) was used in place of fetal calf serum. Experiments were performed 24 h later.
Mononuclear cells. Venous blood was drawn into heparin-containing syringes (100 U heparin/10 ml blood) under sterile conditions. Mononuclear cells were isolated over Lymphoprep gradient (21, 22) . The cell suspension was incubated in RPMI-1640 medium that contained either 10% fetal calf serum or 10% LDS that was supplemented with penicillin (100 U/ml) and streptomycin (100 jg/ml). After 2 h at 370C, nonadherent cells were transferred to 60-mm plastic dishes. Experiments were performed 48 h later. The purity of the cells was assessed after staining with the May-Grunwald-Giemsa stain, which revealed that >90% of mononuclear cells were lymphocytes. This was confirmed in some experiments by histochemical staining for peroxidase and nonspecific esterase reactions (23) (negative for lymphocytes). The term lymphocytes is used for these cells throughout this report.
HMG-CoA reductase. The enzyme activity in the isolated perfused liver was measured by taking biopsies at various time intervals during the course of the perfusion. Microsomes were isolated from liver homogenates in 0.05 M Tris buffer, pH 7.4, which contained 0.25 M sucrose, 0.01 M EDTA, and 0.01 M dithiothreitol (24). Microsomal protein (50-100 jg) in 100 gl buffer was used for the measurement of HMG-CoA reductase activity in a final volume of 0.2 ml reaction mixture that contained 100 mM Tris buffer, pH 7.4, 5 mM dithiothreitol, 3 mM NADP, 22 mM glucose 6-phosphate, 3.5 U/ml glucose 6-phosphate dehydrogenase, and 43 jM [3- '4C]-HMG-CoA (8.3 jCi/ jimol, sp act). The reaction was linear for 2 h and assays were carried out routinely for 1 h. The reaction was stopped by addition of 0.06 ml 2.5 N HCO that contained 3.6 jmol 3H-mevalonic acid lactone as a carrier and internal standard (25) . After further incubation at 37°C for 30 min the reaction vials were centrifuged and the supernates (50 jil) were assayed by thin-layer chromatography on silica gel plates, which were developed in benzene-acetone (1:1 vol/vol) for separation of HMG-CoA from mevalonolactone. The areas that corresponded to mevalonolactone (Rf 0.5-0.7) were scraped into scintillation vials that contained Instagel (Packard Instrument International, Zurich, Switzerland) and counted for 3H and '4C-radioactivity in a Berthold liquid scintillation spectrometer (Berthold Laboratorium, Wildbad, Federal Republic of Germany). The recovery of mevalonolactone was 80-85%.
The enzyme activity in lymphocytes was measured by centrifuging the cell suspensions, and after discarding the supernates the remaining cell pellets were solubilized in 0.2 ml 50 mM potassium phosphate buffer, pH 7.4, which contained 5 mM dithiothreitol, 5 mM EDTA, 0.2 M KCl, and 0.25% kyro-EoB (25) . The enzyme activity was assayed as in the procedure for liver microsomes, except that the protein content in the reaction mixture was 200-300 gg and an incubation time of 2 h was employed for the reaction.
Lipoproteins. Human LDL (solvent density 1.019-1.063 g/ml) and human LDS (solvent density > 1.215 g/ml) were prepared from plasma of normal subjects by differential ultracentrifugation using standard techniques (26). LDL was labeled with '25I by the iodine monochloride method for iodination of lipoproteins (27), which resulted in a radiolabeled preparation of LDL with specific activity 200-300 cpm/ng protein.
Chylomicron remnants were prepared from chylomicrons that were obtained from 2-h postprandial plasma of normal human subjects and from rat lymph. Chylomicrons were incubated with postheparin rat plasma (2 mg chylomicron cholesterol and 4.5 ml postheparin plasma that contained 5% albumin) for 30-45 min at 370C (28, 29). The remnants were then isolated by centrifugation at 100,000 g for 100 min at 10°C at a solvent density of 1.019 g/ml. After dialysis against 0.154 M NaCl-0.25 mM EDTA, pH 7.4, for 24 h, the remnants were labeled with cholesteryl-[1-'4C]-oleate that was dissolved in dimethyl sulfoxide (DMSO) (28) and also with '25I. The labeling efficiency of radioiodination was 16% on average and the TCA insoluble radioactivity that was measured was 95%, which corresponded to 300-400 cpm/ng protein. About 17% of the radioactivity was found in the lipid moiety. The chemical composition of the remnants from human plasma was 63% triglycerides, 14% cholesterol, of which 3% was unesterified, 16% phospholipids, and 7% protein. Chylomicrons that were obtained from rat lymph had a similar lipid composition, but the protein content was only 2%. Analysis by electrophoresis (SDS-PAGE) on polyacrylamide gel in the presence of sodium dodecyl sulfate showed the presence of apo AI, apo B-48, apo B-100, apo C, and apo E in both chylomicrons and chylomicron remnants.
Isolation, labeling, and characterization of lipoprotein-X and its precursor, the bile lipoprotein. In order to attain a protein labeling of LP-X that assures high stability, specificity, and prevents exchange of protein label with other plasma proteins or apos, it was necessary to label the core protein of LP-X, its albumin portion. This can only be achieved by iodination of the precursor lipoprotein of LP-X, which is the bile lipoprotein that carries only albumin, as earlier demonstrated (6) . We confirmed this finding by analysis of this lipoprotein by SDS-PAGE and double immunodiffusion with specific antibodies to apo A-I, apo A-II, apo E, apo B, and apo C.
The bile lipoprotein was labeled with "25I-sodium iodide. In order to make the protein core accessible for radioiodination, the isolated lipoprotein fraction was first treated with 0.1% bile salt mixture, which consisted of equal parts of cholic acid, desoxycholic acid, and taurocholic acid (30). After radioiodination, the lipoprotein fraction was dialyzed against 0.005 M Tris buffer, pH 7.4, which contained 0.25 mM EDTA and 0.15 M NaCl, for >24 h. Fatty acid free unlabeled albumin was then added to give a final concentration of 2%, and the solvent density was adjusted with NaCl to 1.065 g/ml for a second ultracentrifugation at 150,000 g for 20 h at 10°C. The floating '25I-lipoprotein particles were collected from the supernate. The labeling efficiency of radioiodination was 10±2% (n = 8). The TCA precipitable protein radioactivity was 91±2% corresponding to 100-200 cpm/ng protein, and 19±2% of the radioactivity was found in the lipid moiety. Such a lipoprotein fraction has previously been designated as LP-Xl.b) because it shares the physical and chemical characteristics of LP-X but is devoid of apo C and D (6) .
If this material comes in contact with plasma or plasma lipoprotein fractions, it immediately acquires apo C and D and converts thereby into LP-X with its characteristic composition. This LP-X does not contain apo E or B as earlier demonstrated (6), and also confirmed by immunoelectrophoresis in this study (Fig. 1 ). This does not necessarily contradict other reports (31, 32) in which apo E was demonstrated in the density region in which LP-X is also present. In these reports it was not shown whether apo E was associated with cathodic-migrating lipoprotein. If radioactively labeled LP-X is brought into contact with serum, 91±0.5% of the radioactivity is recovered in the LP-X band on lipoprotein electrophoresis in agar gel (Rapidophor). Isolation of LP-X from serum was achieved using the previously described technique which consisted of a combination of ultracentrifugation and cold ethanol fractionation (3, 6) .
The chemical composition of LP-X after radioiodination did not differ from that of unlabeled LP-X and was found to be 32±1.6% unesterified cholesterol, 1.7±0.3% esterified cholesterol, 2.1±0.1% triglycerides, 56.5±4% lecithin, 5.3±0.4% phosphatidylethanolamine, and 2.4±0.4% protein.
Analytical techniques. The protein content of cell extracts and lipoproteins was measured by the method of Lowry et al. (33) . The concentration of cholesterol, phospholipids, and triglycerides was determined by standard enzyme kit methods (18) . Lipoproteins were identified by lipoprotein electrophoresis (Lipidophor technique, Immuno A.G., Vienna, Austria) and LP-X by electrophoresis on agar gel by Rapidophor technique (Immuno A.G., Vienna, Austria), and also by chemical and immunochemical analysis (6) . 'I-radioactivity in blood, serum, lipoproteins, cells, and tissues was measured directly using a Beckman Gamma 4000 (Beckman Instruments Inc., Irvine, CA).
'4C-radioactivity in the tissues or blood was measured after solu- Mathematical analysis of data for decay curves and Lineweaver-Burk plots were done with the help of a Wang MUP type 2200 computer (Wang Laboratories, Lowell, MA). The apolipoprotein composition of the remnants and LP-X was determined by SDS-PAGE on 10% polyacrylamide gel (34) after the lipoproteins were delipidated with ethanol-diethyl ether (3:1). For differentiation of apo B-100 and apo B-48, 3% gels were used (35) . Immunoelectrophoresis was done on 1% agar gels (36, 37) using antibodies specific for apo A-I, apo B, apo C (polyspecific for C-I, C-II, and C-III), and apo E. Noniodide TCA soluble radioactivity served as a measure of lipoprotein degradation. TCA was added to 2 ml of culture medium or perfusate to give a final concentration of 5%. After centrifugation, I ml of TCA supernate was treated with 50 Ml 30% H202 and 20 Ml of 40% KI. The molecular iodine was extracted with 2 ml chloroform.
The two phases were separated by centrifugation at 4cC. An aliquot of the aqueous phase (500 Ml) was assayed for radioactivity.
Results

Removal ofLP-X in vivo
In order to establish the site of LP-X removal, 251I-LP-X that was reconstituted from bile lipids was injected intravenously into normal rats. '25I-LP-X disappeared rapidly from the circulation, as shown by the plasma decay curve (Fig. 2) . A rapid initial decline in 'I-radioactivity was followed by a slow decline. Analysis of the plasma decay curve (Fig. 2) Livers were perfused with erythrocyte-free medium for 15 min, and I ml of '25I-LP-X was then added to the medium (see Fig. 3 ) and perfusion continued until 55 min. At the end of this time, livers were perfused with new medium that contained collagenase. NPC were obtained by differential centrifugation of PC-free supernate.
0.519 X 104 cpm/g, and in NPC was 4.354 X 104 cpm/g. This radioactivity was retained by the cells even after incubation in the medium at 370C. These results show that hepatocytes that were isolated from livers perfused with '251-LP-X contained only 17% of the radioactivity found in the whole organ. In order to determine if such a marked difference in the uptake of radioactivity between PC and NPC existed in vivo, rats were first injected with 1251I-LP-X. The livers were then isolated for preparation of the cells. Table III shows the distribution of '25I-radioactivity expressed as cpm/g cells. Again it was seen that NPC have taken up about 10-fold more 125j. LP-X than PC. This difference in the uptake was also evident when the results were expressed on the basis of protein content. Thus, the radioactivity found in the PC and NPC was 88 cpm/mg cell protein and 972 cpm/mg cell protein, respectively. Cells in suspension or in culture. The uptake of '251-LP-X by isolated human lymphocyte suspensions, isolated PC, and NPC from rat liver and monolayer cultures of human skin fibroblasts is shown in Fig. 4 . 125I-LP-X was removed from the incubation medium by all these cell types in a concentrationdependent manner. The uptake of LP-X by PC and fibroblasts was only a fraction of that observed in NPC or lymphocytes. NPC took up 4-6-fold more LP-X than PC, and lymphocytes -20-fold more than PC. No saturation kinetics of uptake was noted in any of these cell types. Even raising the concentration of LP-X to 110 Isg/ml did not result in any saturation kinetics.
When 125I-LP-X was employed in a concentration range of 2.3-110 Aig, 0.846±0.05% of the added dose was degraded.
In order to establish if LP-X was taken up due to specific binding by a receptor, cells were incubated with '25I-LP-X in a concentration of 0.5 Aig LP-X protein/ml medium, together with increasing amounts of unlabeled LP-X. No displacement of the uptake of labeled LP-X was noted, even in the presence of 60-fold excess of unlabeled LP-X. This suggests that LP-X is taken up by the cells in a nonspecific manner. Effect ofLP-X on the activity ofHMG-CoA reductase Lymphocytes. Since the uptake of LP-X by lymphocytes was much higher than that observed in hepatocytes or monolayer cultures of fibroblasts, it might be expected that cholesterol that is transported by LP-X is able to suppress the activity of HMG-CoA reductase in these cells. As shown in Fig. 5 , LP-X suppressed the enzyme activity when the lymphocytes were incubated in fetal calf serum or LDS. The degree of inhibition was similar for LDL and LP-X. The data obtained from these incubation experiments are in agreement with the results of measurements performed on lymphocytes that were isolated from the blood of cholestatic patients who were LP-X positive. The enzyme activity was significantly lower, as compared with that measured in control subjects, being 0-11.5 compared with 55 pmol/mg protein per h (Table IV) .
Isolated perfused liver. In order to determine whether there is a direct effect of LP-X on the activity of HMG-CoA reductase, which is increased in cholestasis, isolated livers were perfused with a medium that contained 30-40 mg LP-X cholesterol per dl, which corresponded to the levels of choles- terol that were found in rat plasma. As shown in Fig. 6 , a twofold increase in the activity of the enzyme was noted at the end of the perfusion period in livers, which had been perfused in the absence of lipoproteins in the medium. This may be due to the loss of cholesterol by the liver during perfusion (38) . Addition of LDL to the medium did not suppress this increase in enzyme activity. However, addition of LP-X to the medium resulted in a marked, more than fivefold increase in hepatic HMG-CoA reductase activity. Isolated microsomes. Incubation of liver microsomes with LP-X or LDL showed that LP-X, in contrast to LDL, suppressed the activity of the reductase in a concentration-dependent manner (Fig. 7) . In order to exclude the possibility that LP-X interferes with the assay of the enzyme activity, microsomes that had been incubated with LP-X for 2 h were reisolated and the enzyme activity was measured. However, even after this incubation, the activity of HMG-CoA reductase remained suppressed in the LP-X free system (data not shown).
Since LP-X contains bile salts (3, 31), the effect of a mixture of bile salts (cholic, desoxycholic, chenodesoxycholic, and lithocholic acids) on the enzyme activity in microsomes was examined. Even at concentrations 5-10-fold higher than those present in LP-X (100-300 1M), no significant effect on the activity of the enzyme was observed. Thus it appears unlikely that the direct effect of LP-X on the activity of HMGCoA reductase in isolated microsomes is due to the bile salts in LP-X particles (data not shown). Influence ofLP-X on uptake of chylomicron remnants
In view of the confficting reports about the ability of lymph lipoproteins to suppress the enhanced hepatic cholesterogenesis after biliary ligation (1 1, 14) , the effect of LP-X on the uptake of chylomicron remnants and LDL by the liver was examined. Preliminary experiments with chylomicron remnants, which were obtained by the treatment of human chylomicrons with postheparin plasma of rats, and with rat lymph chylomicrons that were treated in a similar manner revealed no significant difference in their uptake by isolated hepatocytes. Therefore, only human chylomicron remnants were employed in the following experiments. Cholesteryl-[1-14C]-oleate labeled remnants were added to the perfusion medium and were rapidly removed by the isolated perfused liver. As shown in Fig. 8 , after 90 min perfusion only 10% of the 14C-radioactivity remained in the medium. In the presence of LP-X, however, the rate of remnant removal by the liver from the medium was significantly decreased. The lower rate of LP-X clearance was paralleled by the diminished amount of 14C-radioactivity that was found in the liver tissue (Fig. 8) . Likewise, the inhibitory effect of LP-X on the removal of chylomicron remnants was exhibited by isolated hepatocytes at all concentrations of remnants used (Fig. 9) . In order to establish the specificity of remnant uptake by hepatocytes, the isolated cells were incubated with '25I-labeled remnants in the presence of varying amounts of unlabeled remnants. As indicated in Fig. 10 , 50-fold excess of unlabeled remnants reduced the uptake of '25I-labeled remnants to 25%. In the presence of 60 mM EDTA and in the absence of calcium ions (see Fig. 10 ) from the incubation medium, a similar degree of inhibition of remnant uptake was observed. Thus -75% of the uptake is specific. Under our experimental conditions and with the concentration used, LP-X inhibited the specific uptake of remnants by hepatocytes by -70% (Fig. 10) . As in the case of remnants that were labeled with cholesteryl-[ 1-_4C]oleate, LP-X inhibited the uptake of '251-labeled remnants at all the concentrations of remnants tested (Fig. 11) . The Lineweaver-Burk plot, as used in enzyme kinetics, was obtained from the data on the Remnant Protein (p~g/ml) Influence ofLP-X on cellular uptake ofLDL Plasma LDL is catabolized by a variety of cells in culture, after specific binding to high affinity surface receptors (39) . However, in normal rats only a small amount of circulating LDL is reported to be taken up by the liver (40) , which suggests that this organ does not usually possess a large number of LDL receptors. Administration of ethinyl estradiol results in the expression of specific binding sites for LDL on the hepatic plasma membranes (41, 42) . Similarly, livers ofestrogentreated rats bind and degrade human LDL as well as rat LDL in amounts that are several fold higher than those found in normal livers (42) . We measured the production of nonproteinbound 125I from '25I-LDL, which served as a measure of LDL degradation, by the perfused livers that were isolated from rats treated with ethinyl estradiol, in the presence and absence of LP-X. In contrast to the experiments performed with chylomicron remnants, the presence of LP-X in the medium had no significant effect on hepatic LDL degradation, as judged by the appearance of 125I nonprotein-bound radioactivity in the perfusion medium during a perfusion period of 3 h (Fig. 12) . Monolayer cultures of human fibroblasts, whose LDL receptor activity was increased by incubation in LDS, were also incubated with '25I-LDL in the presence or absence of LP-X. No appreciable effect of LP-X on the degradation of LDL was found (see Fig. 13 ). Thus, LP-X does not influence the receptor-dependent high affinity binding and degradation of LDL in fibroblasts. The effect of LP-X on the uptake of chylomicron remnants by the liver appears therefore to be specific.
o Control Figure 12 . 
Discussion
Induction of cholestasis by bile duct ligation in experimental animals such as rats, dogs, and pigs leads to the appearance of an abnormal lipoprotein, LP-X, in plasma. This lipoprotein also appears in humans with biliary stasis and it disappears after correction of biliary obstruction (3, 4, 7) . Since bile acids have been shown not to be directly implicated in hepatic cholesterogenesis, their increase in plasma and liver during cholestasis seems to be of minor importance in the development of cholestatic hypercholesterolemia. This study was initiated to examine whether LP-X, which is a consistent feature of cholestasis, may be the cause of the hypercholesterolemia of cholestasis, possibly because of its unusual chemical composition (3, 4) . On the basis of data on its uptake, its effect on the activity of HMG-CoA reductase, and on the uptake of normal lipoproteins, an attempt will be made to explain at least in part the pathogenesis of the increased hepatic cholesterol synthesis in cholestasis and of the cholestatic hypercholesterolemia.
Intravenous administration of 125I-LP-X into rats results in a biphasic plasma decay curve. The reason for the initial fast disappearance of LP-X remains unclear and may reflect its distribution. LP-X differs from other lipoproteins, in that it is readily removed by the spleen rather than by the liver, when results are compared on a gram weight basis.
Liver tissue consists of PC and NPC, which may have different relative rates of uptake of LP-X. Study of the distribution of 251I-radioactivity in isolated livers that were perfused with 251I-LP-X, or in perfused livers that were isolated from rats that were injected with '251I-LP-X before cell isolation suggests that cells of the reticuloendothelial system are responsible for removal of LP-X from the circulation. Experiments with isolated cell suspensions also indicate that only lymphocytes exhibit a significant uptake of LP-X. Even though it is concentration dependent, it is not saturable and is nonspecific.
Thus, during cholestasis, even though the levels of plasmaunesterified cholesterol are high, this fraction of cholesterol that is transported in the form of LP-X is not taken up by the liver, and therefore cannot exert a feedback control on hepatic cholesterol biosynthesis. This view is strengthened by the observations that LP-X failed to suppress cholesterogenesis in perfused livers that were isolated from normal rats with biliary diversion (12) .
In cholestasis, enhanced cholesterogenesis is accompanied by increased activity of HMG-CoA reductase despite elevated levels of unesterified cholesterol (43, 44), the reasons for which were unclear and the subject of our study. Since bile acids do not appear to directly affect hepatic cholesterol synthesis, biliary lipids which reflux into plasma during cholestasis need to be considered. It has been reported that bile contains a protein-lipid complex that is capable of inhibiting HMG-CoA reductase in isolated microsomes (15, 16) . On the other hand, the total lipoprotein fraction of cholestatic rat serum has been shown to increase the activity of HMG-CoA reductase several fold in perfused liver (17) . The activating factor was found to be in the d < 1.063 g/ml fraction, but was not identified. The density fraction d < 1.063 g/ml in both bile and cholestatic plasma contains LP-X or its precursors. We found that the reductase activity in perfused liver was enhanced over twofold in the presence of LP-X. This contrasts with the data obtained in lymphocytes, where, concomitant with the uptake of LP-X, the activity of the reductase is diminished to an extent comparable with that of LDL. Contrary to the situation in perfused livers, LP-X is capable of inhibiting the activity of the reductase in isolated microsomes, whereas LDL is ineffective. Thus, when no barriers for the uptake of LP-X exist, its cholesterol moiety is capable of inhibiting the reductase activity. This agrees well with other reports, which suggests that the delivery of unesterified cholesterol to liver microsomes suppresses the reductase activity (45) . The failure of LDL to suppress the activity of HMG-CoA reductase may be a reflection of the inability of this lipoprotein to enrich the liver microsomes with unesterified cholesterol because of its physical configuration.
The activation of the enzyme activity in liver by LP-X may be explained on the basis of its high phospholipid content for the following reasons. Infusion of phospholipids into rats or of Intralipid into human neonates results in a rise in the content of unesterified cholesterol and LP-X (46) in plasma. Furthermore, phospholipid liposomes can leach cholesterol from cell membranes (47) and increase the activity of HMGCoA reductase in hepatocytes (48) . Phospholipid-apoprotein complexes can also promote an efflux of sterols from cells in tissue culture (49, 50) . Taken together with our data, these observations suggest that LP-X in the circulation causes an efflux of cholesterol from cells that do not readily take up this lipoprotein, such as hepatocytes and fibroblasts. In contrast, During a series of current experiments (manuscript in preparation), we prelabeled the cholesterol pool of fibroblasts with LDL that was labeled with 3H-cholesterol and incubated them in the presence and absence of LP-X that was labeled with '4C-cholesterol. The influx of '4C-cholesterol from LP-X into fibroblasts was negligible, which confirmed the data that was obtained for the uptake of '251-LP-X by these cells.
However, the efflux of 3H-radioactivity from the cells was considerably increased in the presence of '4C-LP-X. This provides an experimental support for the capability of LP-X to promote the efflux of cellular cholesterol. Additional experiments are required and are in progress to elucidate the mechanisms and to quantitatively evaluate this efflux.
Chylomicron remnants are rapidly removed from the circulation by the liver and are most effective in suppressing hepatic cholesterogenesis (51, 52) . The supply of these chylomicrons of intestinal origin was shown by Weis and Dietschy ( 11) to be responsible for regulating cholesterogenesis in biliary diversion, enterolymphatic diversion, and biliary ligation. They suggested that during cholestasis the liver was still sensitive to feedback regulation of cholesterogenesis by lymph lipoproteins. This is in contrast to the suggestion that cholesterol feedback control is impaired in cholestatic livers (13) . Cooper et al. (14) , while confirming the ability of lymph lipoproteins to suppress the elevated hepatic cholesterol synthesis in rats with biliary diversion, failed to obtain complete suppression of cholesterogenesis in biliary-obstructed rats. Should chylomicrons, or specifically, their remnants, be able to suppress the enhanced cholesterogenesis of cholestasis, it would then be expected that their uptake is unimpaired. However, a marked hypertriglyceridemia, possibly due to accumulation of chylomicron remnant-like particles, is noted in patients with liver disease who have LP-X present in their serum (53) . In bile duct ligated rats, a delayed clearance of chylomicron remnants from plasma has been reported (54) , which is in agreement with the results reported here. However, they are at variance with those of Weis and Dietschy (1 1) . The experimental design of the studies of Weis and Dietschy was such that lymph lipoproteins were infused immediately after bile duct ligation. LP-X in serum is not noted until 5-10 h after bile duct ligation in rats, and reaches a peak at 40 h (5). This may explain the unimpaired uptake of lymph lipoproteins and correction of enhanced hepatic cholesterogenesis that was noted by these authors.
In our experiments, the presence of LP-X caused the inhibition in hepatocytes of the uptake ofchylomicron remnants that were labeled with either cholesteryl-[ I-'4CJ-oleate or 1251
at all concentration of remnants tested. Analysis of the data from the Lineweaver-Burk plot suggest competitive inhibition in the presence of LP-X. In contrast to this, the uptake of LDL by perfused livers from rats treated with ethinyl estradiol, a treatment known to induce hepatic receptors for LDL (40) (41) (42) , normally not expressed by liver, is unchanged in the presence of LP-X. Similarly, no effect of LP-X was noted on high affinity binding and degradation of LDL in fibroblasts, which possess apo B-E receptors for LDL binding (39) . Hepatic membranes from various animal species and from humans have been shown to possess a specific receptor for lipoproteins that contain apo E, in addition to B-E receptor for uptake of LDL (55, 56). Apo B-E receptor activity, which is not easily detectable in adult liver membranes, is subject to acute downregulation in response to infusion of intestinal lymph lipoproteins or taurocholate. However, the apo E receptor activity remains unchanged by such treatment (56) .
From our results, it appears that LP-X, although devoid of apo E, specifically affects the hepatic apo E receptors, and causes an inhibition of remnant uptake. Further data are required to elucidate the nature of this LP-X mediated, apo E receptor inhibition in hepatocytes and other cells. Furthermore, data on the underlying mechanisms that are responsible for this alteration may prove useful in gaining a better understanding of the mode of action of this receptor under physiological conditions, as it is believed to be primarily responsible for the clearance of dietary cholesterol.
Considering the data presented in this report, we suggest that cholestasis causes the appearance of a cholesterol rich, abnormal lipoprotein (LP-X) in plasma, which cannot deliver its cholesterol to the liver. Because of its high phospholipid content, it leaches cholesterol from cells such as hepatocytes, which do not take it up, and thereby increases the activity of HMG-CoA reductase in these cells. Its presence in plasma causes, by a still unknown mechanism, an inhibition of the uptake of chylomicron remnants by the liver, which thereby renders this class of lipoproteins unable to exert their regulatory role on hepatic HMG-CoA reductase and cholesterogenesis.
